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(57) Abstract: 
Patent 5011 83 

An apparatus (90) for depressurtzing a high pressure fluid containing solids m a supercritical 
water oxidation treatment system compnsing 

(a) A pressure reducing device (92) for receiving high pressure solids laden fluid and 
reducing the pressure of the solids laden fluid to a gas phase pressure at which a 
significant gas phase exists with a solids laden liquid phase 

(b) A vessel (94) connected to receive the solids laden liquid phase and gas at the gas 
pressure phase 

(c) A pressure regulator valve (96) assoaated with the vessel for nnaintaining the gas 
phase pressure m the vessel and allowirig gas to exit the vessel to maintain the gas 
phase pressure 

(d) A liquid removal conduit connected t>etow a bquid level in the vessel and having a 
two-posftion liquid removal vah^e (98) 

(e) Control means (100) for moving the liquid renioval valve (98) to a fully open position 
in response to an upper liquid volunne value in the vessel and for moving the liquid 
removal valve (98) to a fully closed position in response to a lower liquid volume 
value in the vessel 

Drawing: 




** End of report ** 

AVAILABIP COPV 





M^O 98/47822 



PCT/US98A)5640 



AH'ARATUS AND METHOD FOR OXIDIZING UNDIGESTED 
WASTEWATER SLUDGES 



BACKGROUND OF THE I NVENTION 



This invention relates to wastewater treatment and more particularly » to the 
treatment of undigested wastewater sludges. The invention includes both an apparatus and 
method for economically oxidizmg sludges to produce products which may be discharged 
into die environment or readily di^>osed of. 

Municipal and other wastewater treatment plants use various processes to break 
down die raw sewage influeDt and produce a sewage sludge.; The final sludge product 
uichides water, orgamc material, and smaller quantities of inorganic and inen material. 

A typical wastewater treatment plant first produces a primary sludge coUected from 
a primary clanfier or sedimentation umt. A secondary sludge is collected from a holding 
basin after a process is applied to the material remaining after removal of the primary 
shidge. The water sq)arated ftom the secondary sludge is commonly treated with a 
disinfecting agent such as chlonne and then discharged firom the plant. The process used 
to produce the secondary sludge may be a biological process such as an activated sludge 
process* a trickling filter system, an aerated lagoon, or a rotating biological contactor 
The process may also be a physical-chemical process. The combined primary and 
secondary sludges are commonly thickened, and then digested to further break down the 
organic material. Finally, the digested sludge is dewatered to produce a material which 
may be disposed of m some manner 

There are a number of problems associated with these common wastewater 
treatment plants. Fust, the £eu:ilities are expoisive and difficult to operate and generally 
provide no useful products. The sludge from some wastewater treatment facilities may be 
composted to produce a material suitable for use as a soil amendment or fertilizer, 
however, this by-product is made only at considerable cost. Sludges which are not used 
to make a compost leave the problem of disposal 

A hydrotbeimal process known as supercritical water oxidation has been suggested 
for completely oxidizmg digested sewage sludges and other organic wastes. Another 
hydrotfaemud process commonly referred to as wet air oxidation has been used for 
oxidizing various organic materials. As used herein, *'wet air oxidation" refers to a 
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hydtothermal oxidation process conducted at lower than the critical temperature for water, 
whereas "supeicntical water oxidation" iefi»^ to a hydrothermal oxidation process which 
IS earned out at supercritical conditions for water, that is, at or above the critical 
tenq)erature and the critical pressure. The critical temperature for pure water is 

5 approximately 705T (374"^) while the critical pressure is 3199 psia (220.4 bar). The goal 

of either process is to destroy the organic material in the sludge by oxidation. While wet 
air oxidation generally cannot achieve conq^lete oxidation of a particular feed, supercritical 
water oxidation may oxidize substantially all organic material in the reaction mixture 
leaving water, CO2, N2, and inorganic matenals such as metals, salts, sand, and clay. 

10 The amount of orgamc material to be destroyed m a waste such as a sewage sludge 

may be described in terms of the chemical oxygen demand or COD of tiie material. 
Generally, the COD of a given material is the amount of OT^gen required to completely 
oxidize the material Also, both wet atr oxidation and supercritical water oxidation are 
exothermal reactions and the feed materials for the reactions may be described in terms 

15 of their heatipg value, commonly expressed in Btu/pound of feed material Sewage 

sludges may further be descnbed m terms of volatile suspended solids or VSS in weight 
percent VSS may be defined as the relative orgamc material content of die total mixture. 

U.S. Patent No. 4,338,199 to Modell (the "U99 Patent*) suggests that sewage 
shidges may be reacted with an oxidant at temperatures and pressures at siq>ercritical 

20 conditions to substantially remove all COD from the shidge. The '199 Patrat teaches 

imtiating the oxidation reaction only at supercntical conditions to achieve die desired 
destruction of organic material. The disclosed system requires a feed havu% a low organic 
matenal concentration or COD in order to maintain the reaction temperature at acceptable 
levels m the supercritical water oxidation reactor. Temperatures above approximately 

25 1100"F to 1200®F may weaken reactor vessel materials to a point at which the material is 

unable to withstand the force from the pressure of the reaction mixture. Furthermore, 
reaction tenqieratures above 1400**F may cause the formation of NOj,. 

U.S. Patent No. 5,240,619 to Copa (the "'619 Patent") discloses a two stage 
oxidation reaction for high strength wastewaters In the process shown m the '619 Patent, 

30 most of the COD is removed in a wet air oxidation reaction ccmducted in a separate 

reactor. Any remaimng COD is removed m a supercritical water oxidation reactor. 
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Neither the '199 Patent, nor the '619 Patent is directed to the treatment of 
undigested sewage sludges. The '199 Patent cannot acconunodate the oxidation of high 
strength undigested sewage shidges and rehes on digestion of the sludge or dilution to 
produce a feed mixture having a lower COD and heating value. The system disclosed in 
the '619 Patent requires a separate subcntical or wet an* oxidation reactor to retain the 
material at subcritical conditions for a sufficient time to remove the bulk of the COD. 
Thus, the '619 Patent process requires additional equipment and relatively long residence 
times to accommodate the relatively slow separate subcritical oxidation process. 

U.S. Patent No, 5,433,868 to Fassbender (the •'868 Patent**) is directed specifically 
to the treatmem of dewatered sewage sludge and primarily to the problem of removing 
nitrogen compounds firom the discharge stream of the treatment plant. The process 
disclosed in tlie '868 Patent preferably includes liquefying the sewage sludge in an alkaline 
digestion process to produce a low ammonia contem stream and a high ammonia content 
stream. This hig}i ammonia content stream is subjected to a hydrothermal piocess to 
destroy most of the ammonia in the stream. In another embodmient, the '868 Patent 
suggests that an undigested, dewatered sewage shidge may be treated with a hydrothermal 
process to remove nitrogen. However, where the hydrothermal process is applied to the 
complete dewatered undigested sludge, the removal efficiency for nitrogen compounds is 
reduced. In any event, the effluent from the hydrothermal process is not a clean product 
and must be returned to the treatment plant ahead of the primaiy clarifier. 



It is an object of the mvention to provide an apparatus and method for wastewat^ 
treatment which overcomes the above-described deficiencies and others associated with 
prior wastewater treatment systems. More particularly, it is an object of the invention to 
provide an apparatus and method for quick and cost effective treatment and oxidation of 
an undigested sewage sludge. 

In (Hxier to accomplish these objects, a wastewater treatment facility according to 
the invention includes a hydrothermal processing component integrated with the tteatment 
plant so as to maximize the use of energy from the hydrothermal reaction. According to 
thR invention, heat ei^gy from the hydrothermal reaction may be used to condition and 
preheat the feed material to produce a relauvely high COD or VSS feed mixture. The 



SUMMARY OF 
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hydrothermal process may also be integrated to economically recover mechanical energy 
which may be used to produce electricity or to recover useful steam Also, the invention 
includes a robust arrangement for reducmg the pressure of the effluent horn the 
hydrothermal process. 

5 The hydroti^nnal processing arrangement accordmg to the invention is particularly 

adapted for using a feed comprising an imdigested sewage sludge. The invention takes 
advantage of the higher heating value and make-i^ of an undigested sludge and elimmates 
the digestion and dewatenng steps commonly performed in a wastewater treatment plant 
The elimination of these digestion and dewatermg steps saves significant costs and 

10 enhances the overall econcmiics of the system. The invention is not limited to undigested 

sewage sludges, but may be useful in economically processing any feed material which 
includes a sufBcient concentrauon of low llg^t-off temperature constituents and has a total 
heating value withm a certain range. 

The preferred form of the mvention takes a thickened, undigested sewage sludge 

15 from the wastewater treatment plant to form a feed mixture having a VSS of sqpproximately 

1.0% to 14.4% by weight. This equates to a feed mixtuie heating vahie of 100 Btu to 
1400 Btu per pound. After conditioning the sludge to produce the feed mixture comprising 
organic material, inert and inorganic materials, and water, tfie feed mixture is pressurized 
to a supercritical pressure using a high pressure pump. The pressurized feed mixture is 

20 then heated m a prmiary heat exdianger by heat exchange with hot efOuent from a 

supercntical water oxidation reactor. 

Accordmg to the invenaon, the tenqperatuie of the feed mixture is increased above 
a light-off or reaction initiating temperature for some of the constituent organic material. 
An oxidant is injected into the feed mixture at a point or points in the process at which the 

25 feed mixture is at a critical pressure and a subcritical temperature, for example 250"F to 

450^F, to initiate an oxidation reaction. Initiating the oxidation reaction at this subcritical 
reaction initiating temperature produces heat to raise the teirq)erature of the remainder of 
the feed mixture to a supercritical temperature either before the mixture enters the 
supercritical water oxidation reactor or while the mbcture is in the reactor. 

30 The benefit of initiating the oxidation reactions at a subcritical temperature is 

twofold. First, the heat of reaction provides a significant amount of the sensible heat 
required to raise the feed mixture to a supercritical temperature. Ci^tuhng the heatmg 
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value of the sludge along with heating the feed mixture by heat exchange with the reactor 
effhient yields a significant energy savings Second, by beginnmg tl^ reacuons at 
subcritical temperatures, a larger t^perature rise can be accommodated before reaching 
the maximum operating temperature, 140(fF for example, and thus, higher concentrations 
of sludges can be fed to the umt. If, however, oxidant addition was delayed until after the 
sludge had been heated to a supercritical temperature, then the allowable temperature rise 
due to the heat of reaction would be much smaller and the COD and VSS of the feed 
mixture would be limited to a lower value. 

In another aspect of the invention, a solids separator receives the si^rcritical water 
oxidation effluent to form two effluent streams, a clean fluid effluent and a solids laden 
fluid effluent. The clean fluid effluent is directed to a pressure reducing arrangemmt to 
reduce the pressure and produce a standard quality steam, such as a 600 psig steam for 
exanq>le. Although this standard quali^ steam may be used for any suitable purpose, the 
steam Is preferably expanded across a steam turbine which may be connected to drive an 
electrical generator. Thus, the system according to the mvention may economicaUy 
recover electrical energy firom the energy of the si^rcritical water oxidation reaction and 
any additional energy required to achieve the desired suboitical reaction initiating 
teix^rature. 

The mvention also preferably includes an arrangement for using heat ftx>m the 
supercritical water oxidation effluent to condition die sludge from the wastewater treatment 
plant. The conditionmg may include reducing the water content of the sludge, preheatii^ 
to provide some of the initial energy reqmred in the overall process, or preheatmg to 
reduce the viscosity and improve the overall flow characterisdcs of the sludge, or any 
combination of these steps. 

In the preferred form of the invention, heat from the supercntical water oxidation 
reaction is further recovered from the solids laden fluid after solids separation. This solids 
laden fluid is preferably passed through a secondary heat exchanger to heat the feed 
mixture prior to the point at which the feed mixture enters the primary heat exchanger. 

The invention further includes an arrangement for reducing the pressure of the 
solids laden portion of the supercritical water oxidation effluent. The arrangement 
combines the robustness and reliability of a static pressure reduchitg device widi the 
flexibility and control of a pressure regulatmg valve. According to the invention, a static 
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piessuic leducing mechanism first reduces the pressure of the solids laden effluent to a gas 
phase pressure to allow both a liquid and gas phase to exist. The mixtuie is then allowed 
to segregate by gravity m a pressure vessel. An off gas releasing conduit is positioned at 
the top of the pressure vessel and includes a back pressure regulatmg valve operated to 
m a int a i n the gas phase pressure in the pressure vessel. A liquid conduit draws sohds laden 
liquid from the bottom of the vessel and includes a liquid removal valve. The liquid 
removal valve is opened penodically under the control of a n^chanism adapted to ^"t^intflin 
a desired liquid level in the vessel. The hquid removal valve, unlike a standard pressure 
regulating valve, operates in either a full-open or lull-closed position. It is, therefore, not 
subject to severe erosion from solid particles that would occur in a pressure regulating 
valve where the flow area is much smaller and fluid velocities much higher. Piessuie 
transients within the separation vessel which may be caused by tl^ opening or closing of 
the liquid removal valve are effectively dampened by the e;q»iision or con9>ression of the 
gas volume above the liquid. Chaises over time m the pressure drop across the static 
pressuring reducing device due to erosion are compensated for automatically by the back 
pressure regulating valve in the off gas releasing conduit. Thus, the pressure of the solids 
laden effluent stream is safely and economically reduced to atmospheric or near 
atmosphenc pressure without the problems normally associated with the pressure let down 
from a high pressure solids laden steam. 

These and other objects, advantages, and features of the invention will be apparent 
from the following descnpdon of the preferred embodiments, considered along with the 
accon^)anying drawings. 



FIGURE 1 is a diagrammatic representation of a wastewater treatment facihty and 
integrated hydrothennal treatment process embodying the principles of the invention 

FIGURE 2 IS a diagrammatic representation of the prefmed hydrothermal process 
accordmg to the invention. 

FIGURE 3 is a diagrammatic representation of a sludge coiuUtioniAg arrangement 
embodying the principles of the invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
As shown in Figure 1, the invention incorporates a hydrothermal processing unit 
10 into a wastewater treatment plant 12 According to the invention, the hydrothermal unit 
10 receives and treats all solids from the plant other than materia) removed ftom the initial 
5 screening units 14. The hydrothermal unit 10 operates to oxidize suhstantially all organic 

material in the undigested sludge from the treatment plant and produce an off gas, water, 
and inert or inorganic matenal The off gas compnses primarily COj with relatively small 
amounts of N^, Oi. and water vapor, and may further include some very minor quantities 
of volatile organics, CO, and NO^. The off gas may be released to the atmosphere or 
10 recovered for some use. The water from the hydrothennal unit 10 is clean enough to 

return at any point in the facility, preferably either to the plant discharge 16 or to the 
chlorine contact basin or chamber 18 The inert or inorgadc solids may comprise sand, 
clay, salts, and metals, and may be disposed of m ai^ desired manner consistent with any 
applicable regulations. 

IS The wastewater treatment plant 12 receives raw sewage influent at the preliminary 

units 14 which separate out materials such as coarse solids, grit and grease. After the 
preliminary units 14, the raw sewage is directed to a primary sedimentation basin or a 
clarifier 19 which allows a primary sludge to settle out for removal through line 20. After 
the primary sludge is removed, the remaining material is subjected to a suitable treatment 

20 process 22. The treatment process may be a biologically based process such as an 

activated sludge process, a trickling fdter systooi, an aerated lagoon process or a rotating 
biological contactor. The process may altemauvely ccmipnse a physical-chemical process. 
Regardless of the particular process employed, the processed matenal is agam held in a 
settling tank 24 to allow a secondary sludge to settle out. This secondary sludge is 

25 removed from the settling tank 24 through Ime 26 and the water is lemoved from the 

settling tank and treated with chlorine in the chlorine contact chamber or Imin 18. The 
chlorine or chlorine contammg compound such as sodium hypochlorite is ii^ected f^om 
injection unit 28. 

The primary and secondary shidges are combined and thickened by one or more 
30 tfaickemng units 30 to produce an undigested, thickened sewage sludge The water 

removed in the thickening process is recycled through the plant 12 aixl commonly returned 
to the primary sedimentation basin 19. The thickened, undigested sludge commonly has 
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a total suspended solids concentration m the range of 2% to 10% by weight while the 
unthickened sludge may have a total suspended solids content of approximately 0.5% to 
7% by weight. The solids in the undigested sludge include organic solids such as 
celhilosic materials and other biological materials, inorganic materials sudi as sand, clay, 
metal and salts, nitrogen compounds and phosphorous ccnnpounds, for example. 

Those skilled in the art will appreciate that some wastewater treatment facilities do 
not inchide a primary clarifier such as unit 19 in Figure 1. In these facilities, only a single 
sludge is collected after the application of the particular treatment process such as process 
22. This single sludge is to be considered equivalent to the combined primary and 
secondary sludges for purposes of this disclosure. 

Referriiig to Figure 2, the hydrothetmal unit 10 collects thickened and condiuoned 
wastewater sludge or feed mixoire m a feed tank 40. A pump 42 preferably conq>rising 
a grinder pump, feeds a high pressure pump 44 through a suitable check valve 45. A 
sappfy pressure control device 46 maintains a desired mpat jHessure to the high pressure 
pun^ 44 and returns the excess feed mixture back to the feed tank 40. The device 46 may 
con4>rise capillary tubes, an orifice, or a control valve. The high pressure pump 44 may 
comprise a variable speed pump or other suitable pump and operates to pressurize the feed 
mixture to a supercntical pressure, that is, a pressure above the critical pressure for water, 
^roxunately 3200 psia. Preferably the pressure affiled by the pump 44 is in a range 
from 3600 psia to 4500 psia. 

The pressurized feed mixture is directed to one or more heat exchaiigers and 
preferably a primary heat exchanger 48 and a secondary heat exchanger 50. The primary 
heat exdhanger 48 may be any suitable arrangement for transferring heat ftom die effhient 
from supercritical water oxidation reactor 52 to the feed mixture. The heat exchanger 48 
is referred to as the primary heat exchanger because it is the primary mechanism for 
raismg the feed mixture temperature to reach a desired reaction initiatuig temperature 
discussed below. Where the secondary heat exchanger 50 is used, it is positioned ahead 
of the primary heat exchanger 48 The secondary heat exchanger 50 transfers heat from 
a portion of the si^reritical water oxidation effluent to the feed mixture to recover 
additional energy from the supercritical oxidation reacticm and provide preheating. 
Sfanilarly to the primary heat exchanger 48, the secondary heat exchanger 50 may 
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comprise any suitable heat exchanger arrangement inclxidmg a tube-in-tube or shell and 
tube heat exchanger, for example 

The preferred form of the mvention includes a heat exchanger bypass arrangement 
or means 47 for selectively allowing a portion of the feed mixture to bypass the heat 
exchange arrangement. The heat exchange bypass means 47 inchides a bypass conduit 49 
and a control valve 51. The control valve 51 is controlled by the temperature sensed by 
a suitable sensing device (not shown) at a point after the heat exchange arrangement and 
conduit 49. The heat exchange bypass means compensates for heat exchange rate 
variations due to scaling in the heat exchangers or variations in flow rate. When the 
temperature sensed by the sensor is higher than a target temperature, the sensor causes an 
actuator (not shown) associated with the valve 51 to open the valve allowing a portion of 
the feed mixture to bypass the heat exchangers and reduce the tenQ>erature of die mixture 
downstream of the heat exchai^rs. 

The feed mixture is heated to at or near a reaction initiating tmiperature with the 
heat exchanger arraogement. The reaction initiating temperature depends upon die 
constituent orgamc material included m the feed mixture. According to the mvention, the 
reaction initiating temperamre is below the critical ten^^erature for water, th^ is, below 
705T, but at or above a temperature at which low light-off temperature consutuents in the 
feed mixture will at least partially oxidize m the presence of an oxidant. This reacuon 
initiathaig temperamre may range from approxunately 200°F to 675*T? and will depend upon 
die nature and concentration of low Itght-^ff temperamre constituents These consutuents 
typically include carbon-sulphur, carbon-nitrogen, carbon-chl<»:ine, carbon-carbon bonds, 
and carbon-oxygen smgle bonds The low light-off temperature constituents begin to 
oxidize at the reaction initiatmg temperature to release heat. Because the mixture is 
sufficiently pressurized to prevent steam formation, the heat from this iniual oxidation 
increases the temperamre and total enthalpy of the now partially oxidized mixture. 

It is important to note that the low light-off temperature constituents of the feed 
mixmre may iK>t completely oxidize at the reaction initiating temperature Rather, the 
initial oxidation reaction may form more stable or higher light-off temperature intermediate 
organic compounds As the temperature rises from the initial reaction temperature in the 
presence of sufficient oxidant, more and more of the low light-off temperature constituents 
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are removed from the mixture and the intermediate products begm to oxidize further 
releasing more heat to reach the cntical temperatm« for water. 

The hydrothermal umt 10 also includes feed mixture tempeiatuie adjusting means 
preferably comprising a heater/cooler 54. The heater/cooler 54 is operated by a contiol 
arrangement (not shown) to adjust the temperature of the feed mixture entering the reactor 
to obtain a q)ecified temperature value within the reactor 52 Typically, the temperatuie 
of the reactor effluent is used to control the heater/cooler 54, although any one of several 
temperatures measured along the length of the reactor can be used for this purpose. The 
heating or cooling applied by the heater/cooler 54 is dependent upon the COD (heating 
value) of the feed mixture and die amount of heat recovered in the primary and secondary 
heat exchangers. Specifically, the COD of the feed mixture detormines the ultimate 
sensible heat effect of completely oxidmng the sludge. The heat exchanger and bypass 
arrai^ement 49 are the primary variables that determine the amount of feed preheatmg 
€>btained because the initial temperature of the feed mixture and die outlet ten^)erature of 
the reactor 52 are held constant. In the preferred form of the invention, the bypass 
arrangement and the COD of the feed mixture are controlled to mxnmWA the heat that 
must be added or removed through the heater/cooler 54. 

An oxidant is injected mto the feed mixture through a suitable mechanism prior to 
a point at vdach the feed mixture reaches the cnucal tempmture for water The injection 
pomt may be before or after the primary heat exchanger 48 and preferably after the 
heater/cooler 54. The oxidant is provided from an oxidant supply 56 and pressurized to 
an iiyection pressure by compressor 58. The preferred form of the invention also includes 
a vaporizer 60 for ensuring that the oxidant is injected in a gas phase Suitable valving 
in the oxidant injection lines 61a, 61b, or 61c, may be used to control the point at which 
oxidant is introduced into the feed mixture. The oxidant may compnse air or pure 
oxygen. Alternatively, a liquid such as hydrogen peroxide, nitric acid, or solutions of 
nitrate salts may be used as an oxidant. 

The temperature of the feed mixture and the feed mixture itself are controlled to 
partially react the feed mixture and drive the ten^)erature of the parually reacted mixture 
to a supercritical temperature m or before the supercritical water oxidaUon reactor. 
Initiating the reaction in the system conduit such as in lines 62, 63, or 64 before the 
supercritical water oxidation reactor 52 produces several benefits. First, the early 
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oxidadon reaction accommodates a larger temperature rise (due to the heat of reaction) 
before leachmg the maxhnum operatiog temperature for reactor 52 approximately 950^ 
to 1400T. Thus, the feed mixture may contain higher concentrations of sludges. 
Secondly, initiatiiig the reaction at subcritical conditions allows Che heat generated in the 
subcritical reaction to heat the feed mixture to near the critical temperature for water and 
significantly reduces the amount of beat v^ch would otherwise be required to be added 
through a heater. 

The supercritical water oxidation reactor 52 may be any suitable reactor type made 
firom materials which can withstand the tenq)eratures and pressures produced in the 
supercritical water oxidation reaction. For example, the supercritical water oxidation 
reactor 52 may oxnprise a small diameter elongated tube or a coiled tube. The tube inner 
diam^er will depend upon system capacity and velocity and the nature of the feed mixture, 
but may range fix>m 1.25 inches to 6 hacbes to achieve flow velocities m the system 
between proximately 2 feet to 14 feet per second. The primary reqmrement for the 
supercritical water oxidation reactor 52 is that the reactor provide sufficient residence time 
at supercritical conditions to completely oxidize substantially all orgamc material in the 
feed mixture. Since the supercritical water oxidation reaction proceeds very quickly, the 
residence times in the reactor may be as low as 10 seconds. However, the preferred 
reactor 52 is arranged to have a residence time of approximately one minute to ensure the 
reaction is compieted. Although not shown in the drawing, the reactor 52 may also 
include one or more ports through whic^ cool water may be mjected if necessary to control 
the tmiperature of die reacting mixture. 

The heat duty of the heater/cooler 54 will be controlled by the maximum 
temperature sensed by any one of several temperature sensors located in the reactor 52. 
The preferred control method would also include iaputs from temperature sensors located 
before and after the primary heat exchanger 48 which cause the heater/cooler 54 to stop 
firing in the event of an unusually high tempmture at these locations. For example, a 
sudden large hicrease in the heating value of the feed mixture rmght cause a temperature 
excursion in the primary heat exchanger 48 (assuming oxidant addition before the heat 
exchaiiger 48) which would cause the heater/cooler 54 to stop firing, overriding the 
temperatures signals from the reactor. An additional temperature control safe^ feature 
would consist of a quench pisxap that injects cold water into the process conduit before or 
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after the heater/cooler 54 to cool the reaction mixture in the event of a reactor temperature 
exceeding a predetermined setpoint, typically I20(f F. 

The effluent from the supercritical water oxidation reactor 52, which may be at a 
temperature of between 95(fF and 1400PF, and preferably around llOCPF, is used as a heat 
exchange fluid m the primary heat exchanger 48. This heat exchange reduces the 
temperature of the supercritical effluent to a temperature in a range between 450PF and 
lOOO^F. In the illustrated preferred form of the invention, which uses a portion of the 
reactor effluent to produce electriciQr, the temperature of the reactor effluent wi|i be 
generally 900*'F or better depending primarily on the requirements of the device used to 
produce electricity. Thus, in this preferred form of the invention, effluent remains above 
critical conditions and this reduced temperature, supercritical effluent is directed to a solids 
separator 66. 

The solids separator 66 operates to split the reactor effluent into two components. 
The first component comprises a clean supercritical fluid effluent while the second 
component comprises a supercritical fluid effluent containing or laden with inert or inorganic 
solids. The solids contained in this second component will include inorganic materials such 
as sand, clay, and precipitated salts which have a low solubility in water at supercritical 
conditions. The solids separator 66 may comprise a hydrocyclone device or a centrifuge, 
or any other suitable solids separating device capable of operating at supercritical conditions. 
Those skilled in the art will appreciate that the solids sq>arator 66 may receive a subcritical 
effluent in which the two output streams would also include subcritical fluids. 

The preferred clean supercritical fluid effluent is removed from the solids separator 
through a pressure regulator valve 70. The pressure regulator valve 70 reduces the pressure 
of the clean supercritical fluid effluent to a suitable pressure for a standard quality steam, 
along with gasses produced in the oxidation process, primarily COj, Nj and excess oxygen. 
For example, the pressure may be reduced to produce a 600 psig steam at a temperature of 
between approximately 650T and 750'F. This standard quality steam may be used to drive 
a turbine 72. The turbine 72 may be connected to drive an electrical generator (not shown) 
for producing electricity. 

In the preferred form of the invention, heat from the clean supercritical fluid effluent 
is used to condition the sludge from the wastewater treatment plant. In the 
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illustrated foim of the i&venaon, the low pressure exhaust from the turbme 72 is directed 
to a shidge conditioning arrangement or means 74. The sludge condiUomng means 74 
serves to thicken the sludge fiufher and preferably heat the sludge to reduce its viscosity 
and otherwise enhance the pompability of the shidge The heat added to the sludge at this 

5 point also helps raise the sludge temperature to the reaction initiating temperature. 

Alternatively to using the turbine exhaust to condition the sludge, the high pressure 
steam may be used direcdy by the sludge conditionmg means 74. For example, the high 
pressure standard quality steam may be directed from the regulator 70 to a heat exchanger 
(not shown) to heat the shidge and evirate water to increase VSS of the feed mixture. 

10 Referring to Figure 3, the preferred sludge conditionmg means 74 includes a heat 

exchanger/condenser 80 and a blower S2. The heat exchaqger/condenser is adapted to 
receive the turbine exhaust steam m a heat exchaiige relationship widi sludge or other 
waste. The steam will include COj, N2, and ai^ odier reactor efOuent gas and may be 
below atmospheric pressure and at a temperature fh>m i3ST to 150°F, for example. The 

15 heat exchange with the steam raises the tenqserature of the sludge, while blower 82 forces 

air over the surface of the sludge to help remove water evaporating from the sludge. The 
steam condenses in the heat exchanger/condenser 80 and is pumped back to atmosphenc 
pressure by condensate pump 84. In the preferred form, the heat exchanger/condenser 80 
conq>nses a U-shaped trough having a jacket (not shown) for receiving the steam. Heat 

20 is exchanged between the steam in the jadcet and tihe shidge in die trougli. An auger or 

other suitable agitator in the trough continuously moves the sludge and may even scrape 
the bottom surface and sides of the trough to provide more even headng, enhance 
evaporation, and prevent sludge from baking onto the surface of the trough An area 
above the trough is left open for allowing air from the blower 82 to pass over the surface 

25 of the sludge in the trough 

In an alternate sludge conditiomng arrangement, not shown in the drawings, a 
blower may be used to force air over an air cooled cradenser which accepts the tuibine 
exhaust steam. The blower air is heated by the condenser and this hot air stream may be 
directed over the sludge to help evaporate water from the sludge and heat the sludge 

30 somewhat. 

Referring back to Figure 2, the solids laden supercritical fluid from the solids 
separator is preferably used as a heat exchange fluid for the secondary heat exchanger 50. 
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This additional heat exchange with effluent from the supercritical water oxidation reaction 
makes maximum use of energy from the reaction. However, those skilled in the art will 
readily appreciate that the solids laden supercritical fluid, after being cooled, may be passed 
directly to a pressure let down arrangement. 

The preferred pressure let down or pressure reducing arrangement or means 90 
operates to reduce the pressure in the solids laden effluent to approximately atmospheric 
pressure without relying on an orifice or capillary for the entire pressure reduction* The 
pressure let down means 90 includes a pressure reducing device 92, a separation vessel 94, 
a back pressure regulating valve 96 and a liquid removal valve 98. The pressure reducing 
device 92 may comprise an orifice or other suitable device and reduces the pressure from 
a critical pressure to a gas phase pressure which may be approximately from SOO psia to 
3000 psia. This gas phase pressure allows a distinct gas phase to segregate to the top of the 
vessel 94 with a solids laden liquid phase collecting at the bottom of the separation vessel. 
The back pressure valve 96 is connected to hold the gas phase pressure on the vessel 94 and 
releases gas to maintain the pressure on the vessel* The solids laden liquid collecting in the 
bottom of the vessel 94 is removed through the liquid removal valve 98 which is connected 
to the vessel by a suitable conduit and which preferably operates in either a full open or fiill 
closed position. A suitable level control arrangement LEV 100 associated with the vessel 
94 controls the position of the liquid removal valve 98. When the level control mechanism 
100 senses the liquid level rising above a particular point in the separation vessel 94, the 
control causes the liquid removal valve 98 to open momentarily and allow solids laden liquid 
to flow out of the vessel to atmospheric or near atmospheric pressure. The level control 100 
may include any suitable level detecting arrangement such as a float associated with the 
vessel 94. Although the liquid removal valve 98 opens and closes abruptly, the gas in the 
vessel 94 expands or compresses to dampen pressure transients in the vessel 94. By having 
a large flow area and operating in the fiill open or fiill closed position, the liquid removal 
is not subject to severe erosion of valve con^nents from solid particles in the liquid effluent 
and is also less subject to plugging. Furthermore, change in the pressure drop across the 
pressure reducing device 92, which may occur over time due to erosion in the device 92, is 
compensated for automatically by the back pressure regulating valve 96. 
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The liquid femoved firom the vessel 94 contains water and primarily inert or 
inoiganic solids* although some veiy minor amoimts of organic matter, on the order of 5 
ppm may remain. The liquid may also include minor amounts of salts in soluuon. The 
in^inoxganic solids compnse sand, silt, clay, and typically form 10% to 25% by weight 
5 of the liquid stream* Water may be added to the vessel if there is insufficient water 

condensing from the effluent stream. The solids in this liquid may be allowed to settle out 
by gravity or by other separation means and then disposed of in any permissible manner. 
The water may be discharged or sent to the chlorine contact basm 18 of the treatment 
facili^ (Figure 1). 

10 The make-up of the off gas removed from the vessel 94 will vary with the 

operatiiq^ pressure of the vessel, diat is the gas fdiase pressure. The off-gas will contain 
primarily CQz with lesser amounts of excess oxygen, nitrogen, and water vapor. 

The method for treatuig wastewater sludges according to the invenuon may be 
descnbed with particular reference to Figure 2. The method inchides first producing a 

15 feed mixture having a total VSS of 1.0% to 14.4%, a heatmg vahie of 100 Btu to 1400 

Btu/lb, and CX>D of 17,000 ppm to 235,000 ppm, inchiding approximately 50% low light- 
off temperature material In the preferred form of the invention, the feed mixture is 
produced from an undigested, thickened wastewater sludge from wastewater treatment 
facility 12 (Figure 1). 

20 The method next includes pressurizing the feed mixture with high piessure pump 

44 to a supercritical pressure, that is, a pressure above the cntical pressure for water, 
approximately 3200 psia, and prefcarably , 3600 psia to 4500 psia. The feed mixture is then 
heated by heat exchange with a supercritical oxidation reactor effluent using heat 
exchangers 48 and 50 and the temperature is further adjusted with the heater/cooler 54 to 

25 bring the feed mixture to a reaction initiatmg temperature An oxidant is then injected at 

the reaction initiating tenq)eraturc from the oxidant compressor 58 through the desired 
injection line or lines 61a, 61b, or 61c. The reaction hiittatmg temperature is a 
temperature below the cnucal tempmture for water, but at or above tiie light-off 
temperature for the low light-off temperanire constituents m the feed mixture. The 

30 reaction mitiatii^ temperature may range from 200'F to 675**F 

The method next mcludes reacting the feed mixture and particulariy, the low hght- 
off temperature constituents in the feed mixture beginning at the reaction initiating 
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temperature to raise the twnperature of the then partially reacted mixture to at least the 
critical temperature for water either before or m the supercritical water oxidation reactor 
52. In the reactor 52, the partially reacted feed mixture is subjected to supercritical water 
oxidation below 140(W for a time sufficient to ensure complete oxidation of all volatile 
suspended solids in the mboure. The reactor residence time may range from 10 seconds 
to 3 minutes. Subjecting the feed mixture to si^rcritical water oxidation in the reactor 
52 produces a supercritical water oxidation effluent comprising a mixture of supercridcal 
fluids ai^, inert and inorganic solids, including precipitated salts 

The method may next mclude separating the effluent from iho reactor 52 to produce 
a clean supercritical fluid efQuent and a solids laden supercritical fluid effluent. The 
method of the invention may further hiclude reducing the pressure of the clean 
supercritical fluid effluent to produce a process steam and reducmg the pressure of the 
solids laden fluid effluent to atmospheric pressure or other desired low^* pressure. 

The preferred step of reducu^ the pressure of the solids laden supercritical flmd 
effluent comprises reducing the temperature of the mixture below the critical temperature 
of water and reducing the pressure of the mixmre with the reducing device 92 to allow a 
gas phase to separate from a liquid phase in the separation vessel 94. The method also 
includes maintaining the gas phase pressure on the vessel 94 by releasmg separated gas 
through the back pressure valve 96, and removing solids laden liquid from the vessel 
through the liquid removal valve 98 under the control of liquid level sensing device 
associated with the separation vessel 94. 

The metlKKi of the mvenuon may further include recoverii^ energy from the 
supercritical water oxidation reactor effluent. For example, the method may include die 
step of driving the turbine 72 widi the process steam produced from the clean supercritical 
fluid effluent from the reactor 52. Additionally, the method may include using energy 
from the supercritical fluid effluent to thicken and condition the sludge to prxxiuce the 
desued fieed mixture. The step of using heat fit>m the reactor efEhient may comprise 
producing a hot air stream and passing it over the sludge to evaporate water from the 
sludge, or alternatively, heating the shidge with heat from die supercridcal water oxidation 
reactor effluent to evaporate water from the sludge 

The above described preferred embodfanents are intended to illustrate the principles 
of the invention, but not to limit the scope of die invenuon. Various other embodiments 
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and modificati(His to these prefened embodiments may be made by those skilled in the art 
without dialling from the scope of the following claims. 

For example, where it is not desirable to produce a standaid quality steam for 
driving a turbine or for other uses, the solids separator 66 and secondary heat exchaqger 
50 may be omitted from the system. The effluent from the reactor 52 may in this case be 
sent directly to the pressure reducing means 90, or to the pressure reducing means after 
transferring heat from the effhient for conditionmg the sludge to produce the desired feed 
mixture and cool the effluent. Furthermore, since it is not necessary to separate the solids 
from the supercritical fluid stream to produce useable steam, the traiperature of the 
effhient may be lowered below the critical temperature m the primary heat exchanger. 

Wheire the standard quality steam is not desired, the heat exdianger 48 may be 
sized to heat the feed nuxture without the need for the separate heater/cooler 54. In this 
case, the bj^pass means 47 may be used to adjust die temperature of the feed mixture to 
the reaction initiatiiiig temperature. Thus, the bypass means 47 may con^nse the 
temperature adjusting noeans 

Another arrangement for the temperature adjusting means may include a heat 
excdianger to remove teat from the reacting mixture after ttie pomt at which the oxidant 
is injected. This arrangement may accommodate even higher COD feed mixtures and may 
recover more useful heat fix>m the reaction. 

Also, those skilled in the art will readily appreciate that the hydrothermal umt 
components must be heated to near c^>erating conditions m a start-up process prior to 
qperation. Components are preferably heated by circulating clean water through the 
system This clean water may be heated using the heater/cooler 54 where such a heater 
is inchided in the system, or a separate start-up heater. The conduit and valving required 
for introducing the clean, start-up water have been omitted in the drawings for the purpose 
of simplifying the figures« 
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1- An apparatus for depiessuiising a high pressure fluid contairdiig solids, the 
apparatus mcluding: 

(a) apressure reducing device for receiving a high pressure solids laden fluid and 
reducing the pressure of the solids laden fluid to a gas phase pressure at vvfaich a 
significant gas phase ^dsts with a solid laden liquid phase; 

(b) avessel connected to receive the solids laden liquid phase and gas at the gas phase 

(c) a pressure regulator valve associated with the vessel for mflintatnitig the gas 
phase pressure in the vessel and allowing gas to exit the vessel to maintain the 
gas phase pressure; 

(d) a liquid removal ccmduit connected below a liquid level in the vessel and having a 
two-position liquid removal valve; and 

(e) control means for moving the liquid removal valve to a fully open position in 
response to an upper liquid volume value in the vessel and for moving the liquid 
removal valve to a fiilly closed position in response to a lower liquid volume 
value in the vessel. 



The ^paratus of Claim 1 wherein the control means for controlling the position 

of the liquid removal valve includes: 
a float mechanism associated with the vessel for indicating liquid volume in the 
vessel. 
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The apparatus of Claim 1 further includmg: 
a solids separator for receiving an effluent fiom the supermtical water oxidation 
treatment system and for separating the solids laden effluent fiom a clean fluid 
effluent, the solids laden effluent including solids in a fluid 

The apparatus of Claim 3 fiuth^ includii^: 

sludge conditionir^ means for applyii^ heat fiom one of the clean fluid effluent 
or the solids laden effluent to thicken a sludge to be treated in the siq)ei:critical 
water oxidation treatment system. 

The apparatus of Claim 4 wherein the sludge conditioning means includes: 
a heat exchanger/condenser having a ttough for receiving a sludge to be thickened 
and a jacket for receiving a subcritical fluid in a heat exchange relationship with 
the sludge in the trough, title suboitical fluid being produced fiom the clean 
effluoit or solids laden effluent; and 

a blower for forcing air over the surface of the sludge in the trough to enhance 
evaporation from the sludge. 

The apparatus of Claim 3 fiother incliiding: 

a clean fluid pressure reducing arrangement for reducing the pressure of the clean 
fluid effluent to produce aprocess steam; and 

a steam turbine adapted to produce mechanical energy fiom the process steam. 
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7. The apparatus of Claim 3 \vfaerem the supercritical water oxidattcn treatment 
system includes: 

a secondary heat exchanger connected to transmit a feed mixture to be treated 
fix)m a pump to a primary heat exchanger, and further connected to receive the 
solids laden efQuent from the solids separator in a heat exchange relationship with 
the feed mixture to preheat the feed mixture. 

8. An effluent handling ^yparatusimduding the apparatus of Ck^ 1 wheidnihe 
high pressure fluid containing solids is a solids laden efflumt received from a 
supercritical process. 



9 The apparatus of Claim 8 wherein the control means for controlling the position 
of the liquid removal valve includes: 

a float mechanism associated widi the vessel for indicating liquid volume in the 

vessel. 



10. An efBuent handling method for use in a siq)ercritical water oxidation treatment 
system, the effluent handling method including the steps of: 

(a) receiving a solids laden effluent &om the siq>ercritical water oxidation treatment 
system and reducing the pressure of the solids ladesa efBuent to a gas phase 
pressure at which a significant gas phase exists with a solids laden liqmd phase; 

(b) containing the solids laden liquid phase and gas m a vessel at the gas phase 
pressure; 
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maintaming the gas phase pressure in the vessel and allowing gas to exit the 
vessel to maintain the gas phase pressure; 

moving a Uquid removal valve to a fully open position in response to an upper 
liquid volume value in the vessel and moving the liquid removal valve to a fully 
closed position in response to a lower liquid volume value in the vessel, the liquid 
removal valve being connected in a liquid removal conduit located below a lower 
liquid level in the vessel* 



The method of Claim 10 further including the step o£ 

controlling the movement of the liquid removal valve with a float mechanism 
associated witii the vessel, the float mechanism responsive to the liquid volume in 
the vessel. 



The method of Claim 10 furdier including the step of: 

receiving an efQuent fix)m the superaitical water oxidation treatment system and 
separating the solids laden effluent from a clean fluid efQuent, the solids laden 
effluent including solids in a fluid 



The method of Claim 12 fiather including the step of: 

applying heat fix)m one of tiie clean fluid effluent or the solids laden effluent to 
thicken the sludge. 



The method of Claim 12 further includio^ the steps of: 
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(a) reducing the pressure of the clean fluid efiQuent to produce a process steam; and 

(b) producing mechanical ^ergy fix>m the process steam. 



1 5, The mediod of Claim 12 further including the step of: 

5 placing the solids laden efEluent in a heat exchange relationship witfaafeed 

mixture to be treated in die si^>ercritical water oxidation treatment system to 
preheat the feed mixture. 

16. A method for depressurizing ahigh pressure flxiid containing solids, die method 
10 including the steps of: 

(a) reducing the pressure of a high pressure solids laden fluid to a gas phase pressure 
at \^ch a significant gas phase exists with a solids laden liquid phase; 

(b) containing the solids laden liquid phase and gas in a vessel at the gas phase 
pressure; 

15 (c) maintaining the gas phase pressure in the vessel and allowing gas to exit the 

^ vessel to maintain the gas phase pressure; and 

(d) moving a liqmd removal valve to a fijUy open position in response to an upper 
liquid volume value in the vessel and moving the liquid removal valve to a fiilly 
closed position in response to a lower liquid voliune value in the vessel, the liquid 

20 removal valve being cormected in a liquid removal conduit which is connected to 

the vessel at a level below a lower liquid level ui the vessel. 



17. The method of Claim 16 further mcluding the step of: 
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controlling the movement of the liquid removal valve with a float mechanism 
associated with the vessel, the float mechanism responsive to the liquid volume in 
the vessel. 

5 18. A wastewater treatment &ciUtsrsubstantiaUy as herein described with referm 
the accompanying dmwings. 

^ 19. A sluc^e conditioning means substantiaUy as herein described with r^ 
Figure 3 of tifie accompanying drawings. 

10 

20. A hydro themial processing means substantially as herein described with 
reference to Figure 2 of the drawings. 

21. A method as claimed in claim 10 substantially as h»ein described. 

15 

) 22. A method as claimed in claim 16 substantially as herein described. 
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